In an effort to understand multimode laser beam propagation characteristics for better development of laser material processing applications, beam diagnostic experiments were performed on a 1800 watt CW Nd:YAG laser. Beam diameter data were acquired at approximately 12 positions along the beam optical axis about the minimum waist created by a long focal length single element lens at several power levels. These data were then used to evaluate the laser output beam characteristics using two differing techniques. For the ISO technique, two data points from the beam diameter data were used in determining the output laser beam characteristics. These points were the beam minimum waist diameter and the diameter at a point along the beam optical axis where the beam diameter had increased to approximately 0.7 times that of the beam minimum waist diameter. The second analysis technique involved fitting the entire data set to theoretical equations used to describe the multimode laser beam propagation and points from the fitted curve fit were then used to determine the output beam characteristics from the laser. For all power levels evaluated, calculated results predicting the laser beam minimum waist location were in agreement with measured values and more consistent using the curve-fit technique than the two-point evaluation technique.
INTRODUCTION
High power, multimode lasers have gained widespread acceptance as a tool for industrial materials processing applications. As the users of these systems seek to improve process control and product reliability, the requirements for understanding the behavior and characteristics of the laser light source continue to increase in importance. For many applications, knowledge of the laser irradiance on the work surface and how it changes away from sharp focus is critical. For example, in laser welding applications, the energy transfer efficiency is a function of the irradiance at the work surface [1] . High reflectivity materials require a very high irradiance at the work surface to achieve efficient energy transfer into the substrate. This can be accomplished by reducing the focal length of the lens but at the cost of depth of focus and working distance. In addition, as the f/# of the lens is decreased, spherical aberration can become a dominant factor and prevent a high irradiance from being obtained[21. If the working distance is reduced too much, then the vapor plume generated during the welding process will deposit metal particulate onto the lens leading to scattering of the laser radiation and, eventually, catastrophic failure of the lens. In either case, the process quickly becomes unpredictable. To have a well controlled process, it is essential to be able tailor the laser beam focus properties in a predictable manner to achieve optimum results. This requires knowledge of the laser beam characteristics and methodologies to accurately predict the behavior of the multimode laser beams through space.
In the last several years, significant progress has been made in understanding the propagation of multimode laser beams through optical systems and simplifying the theory to a user friendly level [3'4I. No longer are we required to depend on relationships solely based on diffraction limited beam propagation or forced to resort to complicated Hermite and Laguerre polynomials [5] to describe the behavior of these multimode beams. Even better, the modified Gaussian beam propagation theory lends itself to existing beam propagation relationships such as ABCD matrices to be easily integrated into the real world.
In an effort to develop a more fundamental understanding of the interactions occurring during laser materials processing, an extensive amount of time and effort has been invested to understand and quantify the parameters associated with multimode Nd:YAG laser beam propagation. Several methods have been reported on how to quantify the beam parameters associated with the multimode laser beams[61 and a draft of an ISO standard defining how to make these measurements has been prepared [7] . Now that the draft of the standard has been circulated, laser users are offering suggestions on how to modify the beam parameter measurement techniques to improve the accuracy of the measurements[81. In our investigation, we used both the ISO draft proposed two-point method and the suggested curve-fit method to evaluate the properties of an 1800 W CW Nd:YAG laser used in materials processing applications. The results obtained do provide insight into the best method for characterizing the laser beam parameters.
THEORY
The theory of fundamental mode Gaussian laser beam propagation is well established[XI and methodologies (e.g. ABCD matrices) [9] have been developed to allow these beams to be propagated through optical systems. More recently, the Gaussian beam relationships have been expanded to include multimode (or real) laser beam propagation (see Fig. 1 ). This development is significant since all laser beams deviate somewhat from this idealized Gaussian beam case. The relationship describing the real where d0 and 0 are the minimum waist and divergence angle for the embedded Gaussian beam. As it turns out, the Rayleigh range is the same for both the imaginary embedded Gaussian beam and the real laser beam. This feature allows the previously developed methods for beam propagation (e.g. ABCD matrices or complex image formation equations[101) to be used in propagating the real beam through an optical system. Thus, if a lens system is used to produce a beam waist in space for characterization of the beam properties, the results from these tests can then be used to backwards propagate the laser beam through the optical system. This allows the laser beam diameter to be predicted anywhere along the beam optical axis and can be used to determine the output properties of alaser system. For a single element lens (see Fig. 2 ), backwards propagation of the real beam through the lens gives the beam waist position 5 from the waist producing lens as
where f is the focal length of the waist creating lens and z0, in this case, is the position of the beam minimum waist from the lens. Then the beam Rayleigh range ZRI out of the laser cavity is (6) Finally, the real beam radius W1 and the real beam half-angle divergence (3, out of the laser cavity are given by = \/M2zR1A.
ZR1
These relationships can then be used in determining the output parameters from a given laser system. 
EXPERIMENT
These measurements reported here are part of an effort to characterize the performance of a Martek 1800 Watt CW Nd:YAG laser system. Beamcode, a commercially available beam diagnostic system, was used to measure the focused laser beam spot size. This system uses a Cohu 6400 silicon CCD detector array as a sensor to measure the beam intensity distribution. The Cohu 6400 CCD array has a pixel pitch of less than 10 pin between pixels and the Beamcode software used a e2 clip level technique to arrive at a value for the laser spot diameter. To avoid introducing aberrations into the beam, a minimum number of optical SPIE Vol. 2375 / 165
Laser Output Measurement Region components were used to attenuate the laser intensity and a long focal length piano-convex lens was used to create the beam waist in space. In addition, only a single lens was used to create a waist for spot-size measurements to minimize measurement errors in the location of the beam minimum waist location and cavity distance from the lens.
A schematic representation of the configuration used in performing these measurements is shown in Fig.  3 . The raw output from the laser is passed through an optical attenuator assembly consisting of two 2 inch diameter fused silica optical flats which were each coated to have a reflectance of greater than 99.9% on the input side and anti-reflection coated on the second side to have transmission of greater than 99.8%. These optical elements were used to attenuate the laser energy by a factor of approximately 106 and reduce the ghost beam intensity, due to secondary reflections, to below detectable levels. The power reflected away from these optics was dumped into a water cooled sphere and baffles were used in front of the detector array to block scattered YAG light from illuminating the CCD sensor. This attenuation brought the beam down to mW levels where neutral density filters could be safely used to perform the final attenuation of laser beam to within the linear range of the detector array. A total optical attenuation of the beam of 10-8 to i09 was required to reduce the focused beam intensity to usable levels on the CCD array. of the optical configuration used in performing beam analysis After attenuation, the beam was passed through a 287 mm focal length piano-convex lens to create a beam waist in space to perform spot-size measurements on. The CCD sensor was mounted onto an x-y-z stage for alignment purposes. The stage had approximately 4" of travel along the beam optical axis to insure that an adequate range of measurements could be obtained. In addition, the travel of this axis was micrometer driven for accurate positioning of the detector array. In performing measurements, the CCD array was positioned so that the z-axis was approximately centered in its extent of travel when the sensor was positioned near the beam minimum waist location. The position of the detector array with respect to the waist generating lens was measured and all beam radius measurements were taken at positions relative to 166 ISPIE Vol. 2375
Ne ut ra I the reference location. This position was measured carefully using a tape measure to be able to backwards propagate the beam through the optical system for determination of the output laser beam characteristics.
In addition, the distance from the lens to the laser output mirror was also measured for calculation verification.
The spot-size measurements were made at five different output power levels ranging from 366 W to 1823
w. The beam radius was measured for at least 1 1 positions along the beam optical axis through the minimum waist region. The spot-size measurements were taken over a range until the beam nearly filled the active area of the CCD detector array. The relatively large focused spot-size of the beam limited the focal length of the lens which could be used to create the beam waist. The f# of the waist creating lens was approximately 10 in the worst case. The results from these spot-size measurements were then used in calculating the beam output parameters from the laser cavity. The calculated beam output parameters were the beam Rayleigh range, the real beam minimum waist size and location and the real beam divergence angle.
Two techniques were used in determining the output beam parameters from the laser. The first technique was similar to that described in the proposed ISO standard for beam parameter measurements. The minimum spot radius and a second beam radius along the optical axis, as well as the absolute position between the waist creating lens were then extracted from each data set. These values were input to a Mathcad (a mathematical analysis software package) file which calculated the real-beam M2, the beam divergence and the beam Rayleigh range. The calculated beam Rayleigh range was then used in Eqs. (5) and (6) to determine the beam minimum waist location S and Rayleigh range ZR1 on the laser side of the lens. The minimum waist radius W and beam divergence e, out of the laser were determined from Eqs. The second technique of determining the output beam parameters from the laser involved using a curve fitting routine to fit all of the points of each data set to equation (1). The beam quality factor was taken directly from the curve-fit data. Then two points were extracted from the curve-fit corresponding to the beam minimum waist radius and a second spot radius along the beam optical axis. These values, along with their absolute position with respect to the waist creating lens, were also plugged into the Mathcad file to calculate the beam output parameters from the laser cavity. Since the laser cavity is plano-plano, it was assumed that the beam minimum waist occurred at the output coupler to satisfy boundary conditions that the beam wave front is a plane wave at this point. As a measure of merit for these results, the predicted output beam waist location S was compared to the measured distance from the lens to the laser output coupler.
RESULTS AND DISCUSSION
The measured beam radius data at various positions along the lens created waist are given in Table 1 . These data were taken directly from the Beamcode display of the beam data after each measurement. The radius measurements and their relative positions with respect to the waist creating lens were then used in predicting the laser beam characteristics. As previously mentioned, numerical values for the beam quality factor M2 were obtained by two different methods: the 2-point method as defined in the proposed ISO standard and also fitting the entire data set to the theoretical relation given in Eq. 1 . The results of these calculations are given in Table 2 . As can be seen, the values for M2 are generally in good agreement between the two methods; however, differences in the M2 values do exit at various power levels, particularly at 1694 W and 1823 W. At these power levels the values for M2 vary by approximately 6% and 19%, respectively.
The results of the fitting routine for two different power levels are shown in Fig. 4 . The legends shown over the plots of the beam data in Fig. 4 from the curve-fit routine. The beam minimum waist size ml, the beam quality factor m2 and the position of the minimum waist location m3 are derived from the fitting routine. Figure 4 (a) shows the data set taken at 1283 W while Fig. 4 (b) shows the data taken at 1694 W. As illustrated, the data set for the beam radius measurements at 1283 W fits well to the real-beam propagation model. However, the data set for the beam radius measurements at the 1694 W condition demonstrates that this is not always the case. In fact, this difference in goodness of fit is apparent by the difference in M2 values between the curve-fit vs. the 2-point analysis techniques. As indicated by the large difference in M2 values at the 1823 W level, the data set again does not fit the theoretical model nearly as well as at the 1283 W power level. Multiple sets of data were taken at the power levels where the fit deviated from theory with consistent results obtained each time.
In addition to the results for the M2 values, results for the beam parameter calculations are also given in Table 2 . There is no obvious difference between the two analysis techniques in values calculated for the beam Rayleigh range, minimum waist radius or the beam half-angle divergence. In addition, the values obtained for the beam waist radius at the exit mirror of the cavity are consistent with expected values. For high average powers, the Nd:YAG laser rod acts as a positive thick lens due to thermal gradients within the rod. The focal length is inversely proportional to the pump power. Although the beam output from the rod is converging, the beam wavefront curvature must match the curvature of the cavity mirrors to be consistent with boundary conditions. Since the cavity mirrors are plane, this condition is satisfied when the beam within the cavity has a plane wavefront at the mirror. That is, the beam must go from converging to diverging at this interface indicative of a minimum waist location. Since the minimum waist occurs at the laser output mirror and the beam is converging away from the laser rod, a value smaller than the diameter of the laser rod (7 mm) is expected at this location. The predicted values range from 4.6 mm to 5.9 mm.
The value from the waist creating lens to the laser output coupler Si (see Fig. 2 
CONCLUSIONS
Over the last several years substantial progress has been made in understanding the propagation of multimode laser beams through optical systems and simplifying the theory to a user friendly level. No longer are we required to depend on relationships solely based on diffraction limited beam propagation or forced to resort to complicated Hermite and Laguerre polynomials to describe the behavior of these multimode beams. Even better, the modified Gaussian beam propagation theory for real laser beams lends itself to existing beam propagation relationships to be easily integrated into the real world.
The measurements we have made have allowed us to improve our understanding of the propagation of multimode laser beams through space and improve the performance of these systems for materials processing applications. We have found the real-beam propagation model to be a reliable in predicting multimode laser beam behavior through space and optical systems. The calculated values indicate that similar solutions for various beam parameters may be obtained using either the curve-fit or ISO two-point analysis techniques. However, since we have demonstrated that the curve-fit analysis technique does indeed provide more consistent solutions for the position of the waist out of the laser cavity and that all solution are consistent with expected values, we believe that it is a better technique for evaluation of multimode laser beams.
